The Cryosphere, 8, 1457-1468 www.the-cryosphere.net/8/1457/ doi:10.5194/tc-8-1457 Abstract. Warm, subtropical-originating Atlantic water (AW) has been identified as a primary driver of mass loss across the marine sectors of the Greenland Ice Sheet (GrIS), yet the specific processes by which this water mass interacts with and erodes the calving front of tidewater glaciers is frequently modelled and much speculated upon but remains largely unobserved. We present a suite of fjord salinity, temperature, turbidity versus depth casts along with glacial runoff estimation from Rink and Store glaciers, two major marine outlets draining the western sector of the GrIS during 2009 and 2010. We characterise the main water bodies present and interpret their interaction with their respective calving fronts. We identify two distinct processes of iceocean interaction which have distinct spatial and temporal footprints: (1) homogenous free convective melting which occurs across the calving front where AW is in direct contact with the ice mass, and (2) localised upwelling-driven melt by turbulent subglacial runoff mixing with fjord water which occurs at distinct injection points across the calving front. Throughout the study, AW at 2.8 ± 0.2 • C was consistently observed in contact with both glaciers below 450 m depth, yielding homogenous, free convective submarine melting up to ∼ 200 m depth. Above this bottom layer, multiple interactions are identified, primarily controlled by the rate of subglacial fresh-water discharge which results in localised and discrete upwelling plumes. In the record melt year of 2010, the Store Glacier calving face was dominated by these runoff-driven plumes which led to a highly crenulated frontal geometry characterised by large embayments at the subglacial portals separated by headlands which are dominated by calving. Rink Glacier, which is significantly deeper than Store has a larger proportion of its submerged calving face exposed to AW, which results in a uniform, relatively flat overall frontal geometry.
Introduction and background
The west Greenland current advects deep (> 400 m), warm (> 3 • C) and saline (> 34.8 PSU -practical salinity units) Atlantic water around the south coast of Greenland, transferring large fluxes of thermal energy of a subtropical origin into this sensitive polar environment Holland et al., 2008; Kjaer et al., 2012; Mortensen et al., 2011; Ribergaard, 2007; Sutherland et al., 2013) . The frontal dynamics of tidewater outlet glaciers draining the Greenland Ice Sheet (GrIS) can be profoundly influenced by Atlantic water (AW), which has the potential to directly access their calving fronts via over-deepened glacial troughs cut through the continental shelf, thereby controlling their energy and mass balance (Hanna et al., 2014; Pfeffer, 2007; Rignot et al., 2010) . For example, in west Greenland the sustained attrition of Jakobshavn Isbrae, observed since 1998 (Joughin et al., 2012) , has been attributed to warming of subsurface water in Disko Bay and adjacent coastal seas (Holland et al., 2008) . Similarly, AW was identified circulating within Sermilik and Kangerdlugssuaq fjords in east Greenland and is implicated in the retreat of Helheim and Kangerdlugssuaq glaciers over the last decade (Straneo et al., 2010 (Straneo et al., , 2011 . In NW Greenland, two distinct phases of dynamic ice loss (1985-1990 and 2005-2010) across the Melville Coast have been attributed to oceanic rather than atmospheric forcing (Kjaer et al., 2012 ). An implicit assumption in these studies is that warm AW comes into direct contact with the marine termini of large tidewater outlet glaciers draining the ice sheet (Holland et al., 2008; Kjaer et al., 2012; Motyka et al., 2011; Rignot et al., 2010; Straneo et al., 2012 ). Yet to date few observational studies have been focused on the actual ice-ocean interface, in particular on the specific controls governing submarine melt rates and the concomitant mass and energy exchanges which determine outlet glacier and fjord dynamics alike (Hubbard, 2011) .
To date, several processes of interaction between fjord water and tidewater calving fronts have been observed, modelled and/or speculated upon including forced convection caused by buoyant subglacial fresh water (SgFW) discharged at depth and entraining AW as it rises (Jenkins, 2011; Mugford and Dowdeswell, 2011; Salcedo-Castro et al., 2011; Sciascia et al., 2013; Sole et al., 2012; Xu et al., 2012 Xu et al., , 2013 as well as wind stress and tide-driven fjord circulation Sole et al., 2012; Straneo et al., 2010; Sutherland and Straneo, 2012) . Furthermore, it is emerging that circulation in Greenland's deep fjords is more complex than the single convective cell (estuarine-like) circulation model that has been assumed previously in energymass balance calculations (Motyka et al., 2003; Rignot et al., 2010) . For instance, a vertical superposition of convective cells was observed (Straneo et al., 2011; Sutherland and Straneo, 2012) and more recently modelled (Sciascia et al., 2013; Sole et al., 2012) within fjords in east Greenland.
In this study we observe and document the interaction between fjord waters and the calving front at two major outlets -Rink and Store -that drain the western GrIS over two successive, but contrasting, melt years in August 2009 and 2010. The processes of AW-driven submarine melting and subglacial fresh-water-driven upwelling plumes are observed in both fjords. Differences and similarities in the spatial and temporal patterns of these processes are identified and highlighted, demonstrating significant impact and control of subglacial fresh-water runoff and discharge on calving front dynamics and geometry.
Field site
Uummannaq Bay is unique on the west coast of Greenland insofar as it has an over-deepened glacial trough to at least ∼ 450 m depth, which extends uninterrupted to the continental shelf break (Jakobsson et al., 2012) . It thereby provides a direct route for AW from Baffin Bay to enter its inner fjord basins and access over a dozen marineterminating outlet glaciers which drain this sector of the GrIS (Fig. 1) . The existence of two large marine-terminating outlet glaciers, Rink and Store, which drain this sector into Uummannaq Bay, make it a useful target to isolate and compare individual tidewater glacier responses to similar atmospheric and oceanic forcing but with contrasting bed, fjord and frontal geometries and geological controls. Rink and Store glaciers are the second and third largest outlets in west Greenland after Jakobshavn Isbrae, with an estimated discharge of 11-17 km 3 year −1 and 14-18 km 3 year −1 respectively (Weidick and Bennike, 2007) . This corresponds to 7 and 8 % of the total annual discharge for the western GrIS (Rignot et al., 2008) . A recent aerial study of Store Glacier's terminus calculates the mass flux through the calving front of Store Glacier to be 11.5 km 3 year −1 (Ryan et al., 2014) . Both glaciers and fjords are over 5 km wide and at least 100 km long with catchment sizes of 45 000 km 2 for Rink and 34 000 km 2 for Store (Rignot et al., 2008) . Despite this, Store has a larger ablation area due to its lower-lying hypsometric profile. Bathymetric mapping reveals that both fjords have an inner basin deeper than 1000 m and that the maximum depth of the calving front of Rink Glacier is ∼ 750 m, and at Store Glacier it is ∼ 500 m. At Rink Fjord a transverse sill is located 50 km from the ice front with a minimum depth of ∼ 400 m (Dowdeswell et al., 2014) whist Store Fjord has no such sill or obstruction to the outer trough (Fig. 1) .
Methods

Data collection
Two hydrographic surveys were conducted in August 2009 and 2010 comprising of 5 and 7 conductivity, temperature, turbidity and depth (hereafter called CTD) casts at Rink Fjord and 12 and 11 casts at Store Fjord respectively. The CTD casts were taken along and across each fjord, at a distance of between 200 m and 20 km from their respective calving fronts (Figs. 1 and 2) and to a maximum depth of 750 m. The hydrographic instrument used was a MIDAS Valeport 2000 conductivity-temperature-depth profiler, equipped with a Seapoint turbidity sensor (Table 1) ing points of more than one standard deviation from the unweighted moving average window (n = 16) to yield a statistically significant result. The filtered data were then averaged into 5 m vertical bins. Both the ascent and descent data were used to improve error estimation. The standard deviation provides an indication of measurement uncertainty and corresponds to ±0.023 • C for potential temperature, ±0.025 PSU for salinity and ±1.4 nephelometric turbidity unit (NTU) for the turbidity. Potential temperature (θ) and salinity (S) were calculated according to the equations of state of seawater published by UNESCO 1983 (Fofonoff and Millard, 1983) and used to identify specific water bodies and mixing processes. The turbidity in the fjord was used to trace the sedimentloaded subglacial fresh water (Bartholomew et al., 2011; Motyka et al., 2003) . Turbidity estimates are, however, based on backscattering on light, depending of both sediment concentration and type (lithology and size) of particles, which can vary from one fjord to another. To compare the extent of fresh-water-induced buoyant upwelling plumes, we expressed the turbidity as a percentage of the maximum value recorded in each fjord (i.e. within the plumes).
Water-body identification
When plotted in potential temperature-salinity (θ-S) space, two types of water body can be differentiated: (a) Water types are defined by thick, homogenous layers, in excess of 50 m within the water profile, which share similar temperature and salinity ( θ < 0.2 • C and S < 0.2 PSU). Such water types can be identified by dense clustering on a θ-S diagrams; (b) Mixed water masses are defined as a layer within the water column combining two water types and are characterised by the line joining the two water types on the θ-S diagram. We define a mixed water mass when its thickness exceeds 50 m, its δθ/δS gradient is constant and when there is sufficient difference ( θ > 0.5 • C and/or S > 0.5 PSU) between the top and the bottom of the layer.
Identification of interaction processes
To isolate which water body is driving subaqueous melt, we calculate the temperature and salinity loss due to the melting of glacier ice with reference to the Gade-slope (Gade, 1979; Holland and Jenkins, 1999; Mortensen et al., 2013; Straneo et al., 2011 . Given a potential temperature for glacier ice (θ i ) at the front, we define an effective potential temperature (θ eff ) of the corresponding virtual water type by calculating the energy required to melt a unit weight of ice as follows:
where θ f is the pressure-corrected melting point of ice, L i (337 kJ kg −1 ) is the latent heat of fusion, C i (2.1 kJ kg −1 K −1 ) the specific heat capacity of ice and C sw (3.9 kJ kg −1 K −1 ) the specific heat capacity of seawater. In the θ-S diagram, the mixed water mass resulting from submarine melting of the glacier will fall on the Gade-slope joining the water, driving the melt and the virtual water type with characteristics θ = θ eff and S = 0. A similar identification procedure can be applied to track runoff mixing and resulting mixed water mass as it will follow a line joining the ambient water and the fresh runoff water (θ = 0 • C; S = 0 • C) (Mortensen et al., 2013; Straneo et al., 2011 Straneo et al., , 2012 ) (hereafter called the runoff slope). If both submarine melting and runoff mixing are affecting the same water parcel, the resulting mixed water mass will have a θ-S gradient proportional to the theoretical slope of each process (Mortensen et al., 2013) .
Interpolation of oceanic measurements
Temperature, salinity and turbidity were interpolated across and along Rink and Store fjords. and the long-profile section tracks the midpoint of each fjord (Fig. 1) .
Runoff discharge estimation
In addition to synoptic meteorological conditions, surface glacier meltwater runoff is dependent upon the ablation area, its hypsometry and the seasonal distribution of snow/ice and its concomitant albedo. Monthly mean values of surface melt for each glacier were estimated following Box (2013) using a positive degree-day/melt-rate model applied to glacier catchment. The catchment of each glacier was determined from the GIMP digital elevation model (DEM) of the ice sheet (Bamber et al., 2013) . For the purposes of this study we assume an efficient, fully developed drainage system as would be expected in the latter half of the melt season where the bulk of surface meltwater runoff drains and is discharged directly into the fjord as subglacial fresh water (Chandler et al., 2013; Schoof, 2010) .
Results
Water types present at the glacier front
Compiled θ-S plots reveal that the distinct water bodies observed within both Rink and Store fjords (Figs. 2 and 3, Table 2) interact with their respective calving fronts (Sect. 4.2). Except for polar water (PW) described below, all the other water bodies observed were directly adjacent (∼ 200 m) to each glacier and can be assumed to be in direct contact with the submerged calving face. Four distinct water types were observed:
1. Surface water (SW) is the uppermost layer of the fjord and is strongly affected by solar insolation, atmospheric forcing, brash-ice melt as well other external processes including river runoff and vertical mixing . In this study, the pycnocline at the lower interface of the SW appears to act as a barrier to buoyant upwelling waters (Sect. 4.4) often constraining them below the SW. Throughout our surveys, SW was limited to the upper 15 m of the water column with temperatures ranging from 0 to 10 • C and in salinity from 28
The to 33 PSU. We define the limit of the SW by its density (σ θ < 26.5 kg m −3 ) as it is above this value that most of the variability appears.
2. Atlantic water (AW) , also known as subpolar mode water or intermediate Irminger water (Ribergaard, 2007) , is the deepest and warmest water body present in the fjord. This water type is advected along the coast by the west Greenland Current (Mortensen et al., , 2013 Ribergaard, 2007; Straneo and Heimbach, 2013; , entering the fjord via the Uummannaq Bay trough carved across the continental shelf. Throughout our surveys, AW was always present below 400 to 500 m depth and had highly consistent temperature and salinity characteristics (θ = 2.8 ± 0.2 • C and S = 34.8 ± 0.1 PSU) for both fjords over both years.
3. Polar water (PW), which was only observed in Store Fjord, is the coldest water body (Figs. 2 and 3) . PW originates from the Arctic Ocean (Hopkins, 1991) and is present along the west coast of Greenland at 50 to 150 m depth (Ribergaard, 2007) where it would be able to advect into Uummannaq Bay. In 2010 at Store, PW was observed at 50 to 200 m depth, separating SW and AW, and had a minimum temperature of θ ∼= 0 • C and S = 34 PSU at ∼ 150 m. Remnant traces of PW were visible at Store in 2009 for the most distal CTD cast (∼ 10 km from the glacier) but were not observed any nearer or in direct contact with the calving front (Fig. 4) . PW was not observed in Rink Fjord in either year.
4. Subglacial fresh water (SgFW) includes basal as well as surface runoff and is injected into the fjords at distinct portals at depth in the calving front. SgFW is very difficult to measure in its original state due to the vigorous mixing which occurs on its injection from the portal (Salcedo-Castro et al., 2011; Xu et al., 2012 Xu et al., , 2013 . Hence, SgFW is reasonably assumed to have the basic characteristics of θ = 0 • C and S = 0 PSU (Mortensen et al., 2013; Straneo et al., 2012) . (Fig. 3 ). MW was observed from 100 to 250 m from the base of the calving front up to 200 m from the surface (Fig. 2) . Rink Fjord in 2009 was an exception when MW was present along with plume water (see below) from 200 m to 15 m depth (Fig. 3) . The presence of MW below the outer sill depth at Rink Fjord (Fig. 2) indicates that it is formed locally by interaction with the calving front and is not merely advected in from Baffin Bay.
Mixed water masses
Runoff mixing
Following Straneo et al. (2011 Straneo et al. ( , 2012 , the horizontal inflection in the θ-S diagram is used to define the second apex of the runoff slope (Fig. 3) and gives a theoretical value of ∼ 0.05 • C PSU −1 and 0.04 • C PSU −1 respectively. Plume water (PluW) is produced by the mixing of SgFW with ambient fjord water at depth and is sometimes referred to as subglacial water . In our surveys, PluW has a runoff slope of ∼ 0.07 • C PSU −1 (Fig. 3) Due to the lack of direct observation of plume processes (within tens of metres of the ice front), the inflection in the θ-S diagram (Fig. 3) reflects the depth at which the PluW outflows horizontally and not the depth of injection of the SgFW into the fjord.
SgFW discharge estimation
The surveys were conducted in August of 2009 and 2010 during two contrasting melt seasons with very different glacier meltwater runoff characteristics. In 2009, air temperatures and glacial melt were normal and approximate the 2000 to 2010 mean, whereas temperature, extent and magnitude of surface melt were record-setting in 2010 (Tedesco et al., 2011; . In the absence of precipitation during both sets of surveys we assume that the monthly variations in the discharge of SgFW are predominantly driven by glacier surface melt. Surface melt runoff modelling yields a predicted SgFW discharge at Rink of 1000 ± 300 m 3 s −1 in 2009 and 1500 ± 450 m 3 s −1 in 2010. At Store, the SgFW discharge is estimated at 1500 ± 450 m 3 s −1 in 2009 and 2000 ± 600 m 3 s −1 in 2010. Uncertainties are defined by the 30 % standard error derived from comparisons between modelled (Box, 2013) and measured (van de Wal et al., 2012) runoff at the Kangerlussuaq transect, some 300 km to the south of our study site. Given that Rink and Store catchments are within the same fjord system, it can be noted that any bias in the runoff model should affect both glaciers consistently and hence the relative variation in discharge of SgFW for the two glaciers can be compared directly. The SgFW discharge of Store Glacier in 2009 was ∼ 50 % greater than that for Rink, due to the latter's reduced ablation area. Driven by very high air temperatures in August 2010, SgFW discharge at both glaciers is amplified by ∼ 50 % compared to 2009.
Turbidity analysis and plume observation
At Store, a variable turbid plume was visible at the water surface adjacent to the calving front in time-lapse imagery acquired in July 2009 (http://vimeo.com/2638166) (Ahn and Box, 2010 the plume was attaining the surface from June until the end of August 2010. Horizontal surface outflow from this plume attained speeds up to ∼ 1.5 m s −1 , sufficient to force brash ice or mélange out from the embayment (Fig. 8) . A distinct boundary was observed at the outer limit of the plume, visible by a marked change in water turbidity (Fig. 8) . The outflow of PluW is observed at 50-100 m depth (Fig. 5) and extends up to 3 km away from the front (Fig. 4) . A layer of intense turbidity was also observed from 300 m depth to the bottom (Figs. 4, 5 and 7) at Store in 2010 (Fig. 5) . Turbidity measurements within and just outside of the surface plume (visually defined by the contrast in water colour), indicate that PluW sinks below the pycnocline of the SW after attaining the surface (Fig. 7) , an observation that is in agreement with plume modelling at Store (Xu et al., 2013) .
In contrast to Store, there was very little surface plume activity observed at Rink. Logging of time-lapse photography of Rink (http://vimeo.com/6038577) (Ahn and Box, 2010) reveals just one surface plume on its southern margin in July 2009 and 2010, which had, however, disappeared completely by early August. Despite this apparent absence of surface plume activity, turbid waters were observed just below SW, suggesting that the plume was still present but was not attaining the surface. In August 2009, a submarine turbid water jet was present in the middle of the cross section between 100 and 200 m depth and spreading up to 10 km down the fjord (Fig. 4) . In August 2010, two turbid jets are present, one along the north side of the fjord and one along the south side with the strongest jet measured beneath the pycnocline of the SW at 15 m depth (Fig. 5) . Depth (m)
Distance from north side of fjord (km) Figure 5 . Same as Fig. 4 , but with the across-fjord section (parallel to the front at ∼ 200-1000 m distance). The north side of the fjord is on the left and it is facing the ice front.
Discussion
Ocean-glacier interaction
The hydrographic surveys at Rink and Store provide four snapshots of glacier-ocean interaction during the latter half of the melt season when SgFW discharge should be most pronounced. Direct observation of these interactions and their repartitioning within the water column shows marked similarities and differences between both years and the fjords from which we identify key suites of processes significantly and simultaneously impacting a water parcel (hereafter called states). Below 200 m depth, free convective submarine melting is the only process which is consistently identified ( Comparison of these observed states with calculated SgFW discharge suggests that the interaction processes in the upper layer are potentially influenced by glacier meltwater runoff rates. Indeed, when the SgFW discharge increases at Store, the PluW outflow becomes shallower and evolves from state 2 to state 3 (Fig. 6) , an observation which resonates with recent modelling (Sciascia et al., 2013; Xu et al., 2013) .
At stronger SgFW discharge in 2010 is responsible for a more pronounced runoff-mixing impact and hence PluW contribution.
A simplified schematic of the three observed states of ocean-glacier interaction and the associated circulation patterns are presented (Fig. 6) . Excluded from this schematic are external factors such as wind-driven circulation (Straneo et al., 2010; Sutherland and Straneo, 2012) , tides and seasonality of the forcing cycle (Mortensen et al., 2013) , all of which will influence the circulation patterns as well.
Despite these limitations, the circulation induced by the runoff mixing and submarine melting, and its evolution, must (Fig. 8) . The turbidity is shown as a percentage of the maximum turbidity recorded in the plume. The profile ST15 was done ∼ 200 m outside the turbid plume where the surface of the sea was a normal blue colour and no significant surface current was observed. The profile ST16 was done ∼ 100 m inside the surface plume, the colour of the surface was dark brown and a strong turbulent current flowing away from the glacier was observed. ST16 was not lowered to the bottom of the fjord for safety reasons, therefore interpolation below 250 m is not realistic. The arrows show a schematics circulation in the plume with SgFW in blue, AW in red and PluW in brown. significantly contribute to the general circulation across and along the glacier front. Indeed, both processes produce vertical entrainment of ambient AW water in direct contact with the ice front, which is a major driver of enhanced melting at the calving front (Jenkins, 1991 (Jenkins, , 2011 Josberger and Martin, 1981; Xu et al., 2012 Xu et al., , 2013 . 
SgFW-driven upwelling: spatial spreading and glacier impact
Glacier buoyant upwelling plumes, producing PluW, are commonly associated with enhanced submarine melting through the entrainment of warm water along the ice front (Jenkins, 2011; Motyka et al., 2003 Motyka et al., , 2011 Rignot et al., 2010; Sciascia et al., 2013; Sole et al., 2012; Xu et al., 2012 Xu et al., , 2013 . The scale of the subglacial channels allowing SgFW to enter the fjord is, to date, not well defined (Jenkins, 2011; Sciascia et al., 2013; Xu et al., 2013) . It has been hypothesised that emerging SgFW is channelised and hence injected through discrete portals (Jenkins, 2011; Mugford and Dowdeswell, 2011) rather than being evenly injected all along the front (Sciascia et al., 2013; Sole et al., 2012; Xu et al., 2012; 2013) . This is in agreement with the welldefined surface plume observed at Store (Fig. 8) and elsewhere (Mortensen et al., 2013; Motyka et al., 2003; Rignot et al., 2010; Xu et al., 2013) , which indicates a point source injection at depth, and with the presence of turbid jets at Rink (Fig. 5 ) which also have a distinct spatial footprint. In all surveys, the layer of PluW was, nevertheless, present uniformly across the fjord near the glacier and fading downstream (Figs. 4 and 5), suggesting that despite the potential localised injection point, PluW rapidly spreads across as well as along the fjord at its depth of hydrostatic equilibrium.
Oceanic and bathymetric influence on glacier front behaviour
The presence of sills in Uummannaq Bay has a strong impact on how water is transported into the deeper fjords and toward each of the glaciers' calving fronts. The trough on the continental shelf near Uummannaq entrance provides access for all water above 450 m to penetrate as far as Store. At Rink, the presence of an additional sill at 400 m depth and 50 km down the fjord (Dowdeswell et al., 2014) further affects the temperature of water found at Rink's calving front. Indeed, we found the bottom water at Rink to have the characteristics of the AW found at Store at 400 m depth (i.e. the depth of Rink sill) (Fig. 2) . At Rink Glacier, mass loss (i.e. calving and submarine melt combined), logged by time-lapse photography, appears to be relatively homogeneous across the entire ice front with maximum losses at the central sector, coincident with the deepest part of the fjord and fastest ice flow. At Store Glacier, frontal mass loss during both summers is greater on the southern flank, where a large embayment between two headlands coincides with an upwelling plume visible at the surface. These observations suggest that in addition to the fjord geometrical control on the glacier calving processes (McFadden et al., 2011; Schild and Hamilton, 2013) , the presence of warm, subpolar-originating water bodies at the glacier front, along with the presence of sills and inner basins in the fjord, also has a considerable impact on the calving dynamics, and thus on the shape of the calving front. We hypothesise that deep tidewater glaciers, such as Rink (∼ 750 m), which are exposed significantly to warm AW at their base (∼ 75 % at Rink), will be influenced by widespread, submarine melting, which would favour a relatively flat calving face (Fig. 9) . For glaciers such as Store, which have a shallower ice front (< 500 m), the impact of SgFW discharge on the upper layer (0-200 m) may be the primary factor driving frontal geometry and dynamics. We suggest that notch cutting and the resulting headlands along the ice front are related to the presence of localised plume-induced melting of the ice front where SgFW is released from subglacial portals (Figs. 8 and  9 ). The local undercutting of the calving face will, in this case, create a crenulated ice front characterised by a series of embayments and separated by headlands where calving processes will dominate. yielding a turbid outflow of plume water (PluW). Turbidity transects across the upwelling plumes show that, after attaining the surface, the plume sinks below surface water (SW) and replaces any water present at its level of outflow along and across the fjord. The plumes do not necessarily surface in the fjords, as revealed by jets of turbid water, observed at depths of 50 to 100 m. Two layers can be distinguished in the fjord structure. The upper layer (0-200 m) experiences the greatest differences in between the fjords and surveys, with three different states of interaction observed: submarine melting and runoff mixing (state 1), runoff mixing alone (state 2) and runoff mixing alone at shallower depth (75 m) (state 3). The evolution of the upper layer structure from state 1 to state 3 is hypothesised to be primarily controlled by the increase of SgFW discharge. The bottom layer below 200 m depth has similar characteristics in all surveys, with free convective submarine melting being the only process involved. At Rink Glacier, which is 750 m deep, ∼ 75 % of the ice front is affected by submarine melting which favours a relatively flat calving front. In contrast, at Store, which is up to 500 m deep, SgFW discharge and buoyancy-driven plumes affect over 40 % of the calving front, leading to a crenulated terminus characterised by a series of notches separated by headlands which are exposed to mechanical failure and calving.
